Synoptic-scale African easterly waves (AEWs) impact weather throughout the greater Atlantic basin. Over the African continent, AEWs are instrumental in initiating and organizing precipitation in the drought-vulnerable Sahel region. AEWs also serve as the precursors to the most intense Atlantic hurricanes, and contribute to the global transport of Saharan dust. Given the relevance of AEWs for the climate of the greater Atlantic basin, we investigate the response of AEWs to increasing greenhouse gas concentrations. Using an ensemble of general circulation models, we find a robust increase in the strength of the winds associated with AEWs along the Intertropical Front in West Africa by the late 21st century of the representative concentration pathway 8.5. AEW energy increases directly due to an increase in baroclinicity associated with an enhanced meridional temperature gradient between the Sahara and Guinea Coast. Further, the pattern of low-level warming supports AEW development by enhancing monsoon flow, resulting in greater convergence and uplift along the Intertropical Front. These changes in energetics result in robust increases in the occurrence of conditions that currently produce AEWs. Given relationships observed in the current climate, such changes in the location of AEW tracks and the magnitude of AEW winds carry implications for the relationship between AEWs and precipitation in the Sahel, the mobilization of Saharan dust, and the likelihood of cyclogenesis in the Atlantic. Our results therefore suggest that changes in AEW characteristics could play a critical role in shaping the response of Atlantic basin climate to future increases in greenhouse gas concentrations.
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A frican easterly waves (AEWs) are westward propagating synoptic-scale disturbances that develop over northern Africa during the boreal summer season. AEWs are instrumental in organizing and initiating convective systems in the semiarid Sahel region of Africa (1, 2) . AEWs have also been found to play a role in mobilizing and transporting Saharan dust within Africa and globally (3, 4) , and in initiating tropical cyclones in the Atlantic basin, including the most intense Atlantic hurricanes (5-7). However, despite the crucial influence of AEWs on the climate of West Africa and the greater Atlantic basin, relatively little work has focused on the potential response of AEW tracks to enhanced radiative forcing (8) . We therefore investigate the response of AEW vortices to increasing greenhouse gas concentrations, with the goal of providing insight into the atmospheric processes that are likely to influence the response of West African precipitation (9, 10) , Saharan dust transport (11) , and Atlantic tropical cyclones (12, 13) .
AEWs are convectively triggered in East and Central Africa, and grow through a mixed barotropic−baroclinic mechanism associated with the midtroposphere [600 mbar (mb)] African Easterly Jet (AEJ) (14) (15) (16) , which largely controls the structure and wavelength of the AEWs (17, 18) . AEWs typically have periodicities of 3-5 d, wavelengths between 2,000 km and 4,000 km, and two circulation centers-one to the north of the AEJ and one to the south (19) . Despite often being part of the same AEW structure (19, 20) , the north and south circulation centers are commonly treated as separate AEW events (6).
Consistent with the Charney and Stern (21) instability criterion, the circulation south of the AEJ develops in association with the reversed potential vorticity gradient near the core of the AEJ (14) . The systems south of the AEJ are driven by barotropic and baroclinic energy conversions, and exhibit strongest circulation over West Africa near 700 mb and ∼11°N. North of the AEJ, the circulation center grows as a result of the interaction between the negative potential vorticity anomaly in the AEJ core and the positive surface potential temperature gradients below and north of the AEJ (19, 22) . The northern systems grow primarily through baroclinic energy conversions, and reach maximum amplitude over West Africa around 850 mb in the low static stability atmosphere along the Intertropical Front, near ∼20°N (23, 24) . Latent heating associated with convection also provides an important energy source for the growth and maintenance of AEWs, and can modify the structure of both the northern and southern vortices (20, 25) .
Because the northern and southern AEW vortices track westward at different latitudes, they impact climate over the greater Atlantic basin in different ways. The southern circulations propagate near the Intertropical Convergence Zone (ITCZ) and are often associated with moist convection (20) . They therefore exert a greater influence on precipitation variability in West Africa, and are more efficient at undergoing tropical cyclogenesis in the Main Development Region (MDR) (26) of the Atlantic (27) (28) (29) . Although the northern vortices are primarily characterized by dry convective processes (30) , they too are capable of influencing precipitation variability in the Sahel through the advection of moisture within the southerly flow of the vortex (31) . In addition, because the northern vortices track near the southern border of the Sahara, they are an important source of Significance African easterly waves (AEWs) are ubiquitous weather disturbances over the tropical Atlantic basin during the summer season. However, despite the critical influence of AEWs on Sahel rainfall, transport of Saharan dust, and initiation of Atlantic hurricanes, little is known about how global warming influences AEW activity. We use an ensemble of general circulation models to investigate the response of AEWs to elevated greenhouse gas concentrations. We find that increases in regional temperature gradients and the strength of convergence and uplift along the Intertropical Front of Africa lead to increases in the strength of AEWs. Given the relationships that are observed in the current climate, changes in AEW strength could influence climate over both West Africa and the larger Atlantic basin. To whom correspondence should be addressed. E-mail: chriss1@stanford.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1319597111/-/DCSupplemental. dust mobilization and transport over West Africa and the Atlantic (4). However, compared with the southern vortices, the northern vortices are less efficient at undergoing tropical cyclogenesis. As the northern vortices propagate westward into the Atlantic, they often advect relatively dry Saharan air, known as the Saharan Air Layer, downstream of the wave trough (7) . As a result of the dry air advection, northern-track vortices that do transition to tropical cyclones often do not undergo tropical cyclogenesis until they reach the Western Atlantic, where environmental conditions are more favorable for development (28) .
It is important to note that variability in AEW activity is not necessarily associated with variability in Atlantic tropical cyclones. For example, at the interannual timescale, variability in the number of AEWs leaving the West African coast is uncorrelated with the variability in the number of tropical cyclones in the Atlantic basin (32) . The number and characteristics of AEWs comprise only a subset of the many factors that influence the likelihood of tropical cyclogenesis, including vertical wind shear, sea surface temperatures, and tropospheric humidity (33, 34) . However, tracking AEW vortices and their characteristics provides valuable information for tropical cyclone forecasting, and understanding the response of AEW activity to the north and south of the AEJ could likewise indicate whether AEW changes are likely to be relevant for the tropical cyclone response to global warming.
Although the roles that AEWs play in shaping precipitation, dust emissions, and tropical cyclone tracks are complex, improved understanding of the response of AEWs to elevated greenhouse forcing has the potential to provide valuable insight into the mechanisms by which continued global warming could influence the climate of West Africa and the greater Atlantic basin.
Data and Methods
We compare climate simulations of the recent past (1980−2005) and the late 21st century (2075−2100) using a single, transient realization from each of 17 general circulation models (GCMs) archived in the Coupled Model Intercomparison Project Phase 5 (CMIP5) dataset (35) (Table S1 ). (Analysis of AEWs requires daily 3D atmospheric fields, the availability of which limits the number of models that can be included in the ensemble analysis.) Observed changes in atmospheric composition that are consistent with natural and anthropogenic sources are prescribed during the "historical" period of each simulation (1850−2005). Beginning in the simulation year 2006, each model is prescribed the time-evolving concentrations of atmospheric constituents in the representative concentration pathway 8.5 (RCP8.5). RCP8.5 exhibits prescribed radiative forcing of 8.5 W·m −2 and concentrations near 1370 ppm CO 2 -equivalent by the year 2100 (36) . Global carbon dioxide emissions over the past decade have tracked near the RCP8.5 values (37) . We use the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim) (38) to evaluate the simulation of AEWs in the CMIP5 models. ERA-Interim data extend from 1979 to the present day. Our analysis makes use of the daily-scale 3D atmospheric variables archived at 1.5°resolution on the ECMWF data server. To enable comparison between the different CMIP5 models and ERA-Interim, we interpolate each of the datasets to a common 1°× 1°grid using a patch recovery method (39) .
We visualize the multimodel data based on the methodology of Tebaldi et al. (40) . This technique identifies model agreement based on both the sign of the differences between the present and future periods and the statistical significance of the differences. For a given variable, we first use Student t test to identify the locations of statistically significant differences (at the 95% confidence level) between the future and present time periods for each model. We then map the multimodel mean difference between the future and present periods. Grid boxes are shaded with the color corresponding to the value of the multimodel mean change, and are overlain with black stippling, where (i) greater than 50% of the models project a statistically significant change and (ii) greater than 80% of those models agree on the sign of the change. Grid boxes are shaded white where greater than 50% of the models exhibit statistically significant changes but less than 80% of those models agree on the sign of change. Grid boxes are shaded only with the color corresponding to the value of the multimodel mean difference (with no stippling added) where less than 50% of the models project a statistically significant change. (In addition to Student t test, we test the robustness of the results using the Permutation test, which is a nonparametric method of significance testing. The Permutation test assesses the significance of mean changes between the future and present time periods for each model without making any assumptions about the underlying distribution of the data.)
We detect AEWs in the reanalysis and CMIP5 models using the meridional component of the wind at 850 mb and 700 mb (16, 19) . To isolate variations in the flow associated with the passing of AEWs, we filter the daily time series of meridional wind between June and September (JJAS) of each year using a 2-to 6-d band-pass filter (41) . We then calculate the variance of the filtered time series at each grid point for each season to attain a proxy of mean seasonal AEW activity. This approach is advantageous for detecting AEWs within long-term climate time series because it is computationally efficient, and yields a clear, coherent spatial pattern of mean AEW activity over Africa (16) . (We test the robustness of the results to the width of the band-pass filter by comparing the results from the 2-to 6-d band-pass filter with those from a 2-to 10-d band-pass filter.)
To identify the number of AEWs in each JJAS season, we choose a reference point that is north of the ensemble mean AEJ core in both the historical and RCP8.5 periods (18°N, 0°E; Fig. 1 ). We count the number of instances in which the filtered daily mean meridional wind at the 850-mb location exceeds 1 m·s −1 (31, 42 threshold from the historical period distribution. We then calculate the difference in the number of AEWs that exceed the intensity thresholds in each model's historical and future periods. For consistency with previous work on AEWs, we refer to the northern and southern circulations as northern-track AEWs and southern-track AEWs, respectively.
Results and Discussion
Nearly all models agree that AEWs along the Sahel−Sahara border intensify in response to enhanced radiative forcing in the RCP8.5 pathway (Fig. 1 and Figs. S1, S2C, and S3) . At 850 mb, the maximum change is located between 15°N to 25°N and 15°E to 25°W, where, on average, the models exhibit a 25% increase in the JJAS mean variability of the filtered meridional wind (Fig.  1A) . Similar, but weaker, increases in meridional wind variance are found in the same region at 700 mb (Fig. 1B) . This region of increased AEW activity is located within and just north of the region of maximum AEW activity seen in the historical period multimodel mean (Fig. 2B) , and north of the projected future (2075−2100) location of the AEJ core.
South of 15°N, on the cyclonic shear side of the AEJ, the CMIP5 multimodel ensemble does not exhibit robust changes in AEW activity at 850 mb or 700 mb (Fig. 1) . The response of AEWs in this southern region is likely complicated by the response of moist convective processes to enhanced greenhouse forcing in the RCP8.5 pathway. Indeed, across the CMIP5 ensemble, some models simulate increases in filtered meridional wind variance in this southern region, while other models simulate decreases ( Fig. 1 and Fig. S1 ). The lack of agreement on the sign or statistical significance of changes in AEW activity beneath and south of the AEJ at both 850 mb and 700 mb suggests a lower likelihood of change in AEWs along the southern Sahel and Guinea Coast region of West Africa.
One question in evaluating the projected changes in wind variance is whether the 2-to 6-d filter is exclusively capturing AEW activity. Specifically, given the relatively high latitude (15°N−25°N) of the projected changes in filtered meridional wind variance, it is possible that an increase in midlatitude trough activity could be contributing to the robust signal (43) . However, given the projected decrease in storm activity along the equatorward side of the midlatitude storm track in the Northern Hemisphere, and the projected poleward shift in the location of storm tracks in the Northern Hemisphere (44), we expect the contribution from an increase in summertime midlatitude troughs over West Africa to be small. Indeed, our analysis shows that the variance in JJAS 2-to 6-d filtered meridional wind at 250 mb, a proxy for midlatitude storm track activity (44) , is reduced over the subtropical Atlantic, southern Europe, and far northern Africa, and increased north of 50°N, suggestive of a northward shift in the mean location of midlatitude troughs (Fig.  S4A) . A similar pattern of robust changes in wind variance is seen at 850 mb (Fig. S4B) . While these results do not completely rule out a possible contribution from midlatitude troughs, they do require that increases in the contribution of midlatitude troughs to the wind variability over West Africa would have to occur within the context of a northward shift in the midlatitude storm tracks. We therefore conclude that the majority of the increased variability in meridional winds seen in CMIP5 over West Africa is most likely driven by changes in easterly wave activity.
A second question in evaluating the CMIP5 results is whether the models are able to accurately simulate the processes that are responsible for AEW activity in the current climate. The CMIP5 models exhibit considerable spread in the simulation of meridional wind variability at both 850 mb and 700 mb during the 1980-2005 period (Figs. S5 and S6 ). The location of the northern track of AEWs is clearly visible at 850 mb between 15°N and 25°N in the ERA-Interim Reanalysis, and there is also evidence of the southern track of AEWs at 850 mb near 10°N between 5°W and 15°W ( Fig. 2A) . The CMIP5 mean correctly captures the location and magnitude of the center of maximum 850-mb wind variance near 15°N at the West African coast, and the eastern edge of the maximum 850-mb wind variance near 10°E (Fig. 2B) . In addition, the spatial pattern of 700-mb AEW activity in the CMIP5 multimodel mean is very similar to that of the ERA-Interim Reanalysis, with highest meridional wind variance in a zonal band that stretches west from the Ethiopian Highlands (∼30°E) to the West African coast along ∼10°N, and peaks near the coast between 10°N and 15°N ( Fig. 2 C and D) .
Of greatest concern are the observations that (i) there is not clear separation between the northern and southern track AEW activity at 850 mb in many of the models (Fig. S5 ) nor in the multimodel mean (Fig. 2B) , and (ii) the distinction between 30°E 60°E 0°30°W northern track activity at 850 mb and southern track activity at 700 mb is less pronounced in the multimodel mean than in the reanalysis ( Fig. 2 C and D) . This lack of distinction between the northern and southern AEW tracks is likely the result of the relatively coarse horizontal resolution of the models, and the fact that some of the models simulate an excessively strong connection between AEW circulation and convection, which results in excessively strong AEW activity within the ITCZ over West Africa (16) . However, some models correctly simulate the majority of 850-mb activity to be north of the AEJ (Fig. S5) , and some correctly simulate the maximum in 700-mb activity to be south of the maximum in 850-mb activity, suggestive of vertically deeper AEWs in the southern Sahel and Guinea Coast region of West Africa (Fig. 2D and Figs. S5 and S6) . Overall, although some models fail to fully simulate the distinction between the northern and southern AEW tracks in the present climate, the projected increase in AEW activity is clearly weighted toward higher latitudes over West Africa (including increases north of the AEJ in 15 of the 17 models) (Fig. S1 ). Although the placement of enhanced meridional wind variance north of the AEJ suggests that the increased AEW activity is associated with changes in northern track AEWs, we refrain from explicitly calling the robust change an increase in northern-track AEW activity due to the fact that some of the models do not simulate distinct southern-and northern-track AEW circulations. Given the robustness of the response in AEW activity north of the AEJ, and lack of a robust response south of the AEJ, we focus our attention on understanding the causes of the changes north of the AEJ. Because AEWs north of the AEJ derive the majority of their energy from baroclinic processes associated with the interaction of the low-level meridional temperature gradients in the Sahel−Sahara region and the potential vorticity gradients in the AEJ core, the energetics of AEWs should in part reflect the local changes to surface air temperature that occur in response to enhanced radiative forcing. Stronger gradients in potential temperature result in greater zonal available potential energy for AEW growth (17, 24, 30) . AEWs access this source of zonal available potential energy by fluxing temperature down the meridional temperature gradient, creating eddy available potential energy. AEWs then grow by converting the eddy available potential energy to eddy kinetic energy through baroclinic overturning. To enable sustained AEW growth, the eddy available potential energy must be replenished by the zonal available potential energy (17, 30) .
Warming in subtropical northern Africa exceeds warming in the moist equatorial regions of Africa during the JJAS season by the end of the 21st century, with mean surface potential temperatures increasing by 5.5°C to 6.5°C north of 20°N in the Sahara, and 3°C to 4°C over the Guinea Coast region south of 10°N (Fig. 3A) . Both remote and local processes drive this pattern of surface warming. By the end of the 21st century, surface temperatures over southern Europe and the Mediterranean, including far northern Africa, are projected to warm in response to enhanced midtroposphere anticyclonic circulation, large-scale subsidence, and reduced precipitation (45) . These changes result in robust increases in surface shortwave downwelling radiation over much of Europe, the Mediterranean Sea, and far northern Africa (Fig. 3C) . Additionally, the Sahara warms preferentially in response to an anomalous increase in surface longwave downwelling radiation (Fig. 3D) . Robust increases in precipitation also serve to minimize low-level warming throughout the central Sahel (as is expected through increased cloud clover and surface evaporative cooling), further enhancing the contrast in temperature between the Sahara and regions to the south (Fig. 3B) .
It should be noted that many of the CMIP5 models exhibit a warm bias in the coastal upwelling region of the Gulf of Guinea in the historical period (46, 47) , which may influence the projected future temperature response to greenhouse forcing. Specifically, in many of the models, the anomalously warm waters in the Gulf of Guinea result in a southward-displaced ITCZ, and anomalously low precipitation over the Sahel (48) . It is possible that model biases in the Gulf of Guinea influence the projected robust increase in precipitation and corresponding reduced surface warming over the central Sahel in the RCP8.5 simulations.
The resulting pattern of surface warming enhances the regional poleward meridional temperature gradient, particularly over the Sahel between 10°N and 25°N, thereby increasing the zonal available potential energy (Fig. 3A) . We find that the conversion of zonal available potential energy to eddy available potential energy associated with AEW development also increases as a result of this enhanced regional poleward meridional temperature gradient (Fig. 4A) . The CMIP5 models correctly simulate the region of negative mean covariance of the 2-to 6-d filtered 850-mb meridional wind and temperature ("t-v covariance") over West Africa in the historical period (Fig. S7) . This negative t-v covariance implies a conversion of zonal available potential energy to eddy available potential energy. By the end of the 21st century, t-v covariance becomes more negative in the region of increased AEW activity, indicating a stronger flux of temperature down the temperature gradient, and greater eddy available potential energy for AEW growth (Fig. 4A) . We therefore conclude that the increased meridional temperature gradient over West Africa is at least partially responsible for providing the necessary energy for the stronger AEW development that occurs in response to increasing greenhouse forcing (Fig. 1) .
In addition to increased zonal available potential energy, the projected low-level heating over Africa results in a deepening of the Saharan Heat Low (SHL), strengthened monsoon flow, and increased convergence along the Intertropical Front (Fig. 4B) . The strengthened SHL and warmer surface air temperatures maintain the low static stability that is characteristic of the region. Low static stability allows for greater interaction between the surface temperature gradients and the AEJ-level potential vorticity gradients, resulting in stronger low-level AEWs north of the AEJ (19, 23, 24) . The pressure-driven increase in low-level westerly and southwesterly flow (Fig. 4B ) yields greater convergence between the monsoon and Harmattan winds, and results in stronger vertical ascent along the Intertropical Front near 20°N over West Africa (15°W to 15°E) (Fig. 4C) . The CMIP5 models correctly simulate a vertically deep region of ascent associated with the ITCZ near 10°N and a shallow region of ascent associated with the Intertropical Front near 17°N during the historical period, which suggests that the vertically deep increase in ascent near 20°N is not simply an enhancement of model biases in the simulation of the large-scale overturning circulations in West Africa (Fig. S8) . Large-scale vertical ascent along the Intertropical Front contributes to the projected increases in AEW strength through vortex stretching (6, 30) . Additionally, the projected robust increase in deep vertical ascent along the Intertropical Front suggests the presence of increased latent heating (Fig. 4C ). An increase in latent heating is consistent with the robust increases in moist monsoon flow and precipitation throughout the Sahel (with the exception of the drying over the far western Sahel) (Figs. 3B and 4B) . Although AEWs north of the AEJ are generally characterized by dry dynamics in the current climate (30) , the projected increase in moist convective processes in the Sahel suggests an increased role of moist convective processes in AEW development along the Sahel-Sahara border in RCP8.5. Given the importance of convectively driven diabatic heating in generating eddy available potential energy for AEW growth (20, 25) , it is possible that the increased moisture in the region within and north of the AEJ also plays a critical role in enhancing AEW energy.
Lastly, consistent with increased AEW activity, many CMIP5 models project a slight strengthening of the AEJ over West Africa (Fig. S9) . Although there is no consistent movement in the location of the jet across the CMIP5 models, nearly all models project increased low-level westerly flow beneath the AEJ, particularly on the jet's poleward side (Fig. S9) . The resultant enhancement in vertical zonal wind shear may support the growth of AEWs (49), helping to explain the robust increases in AEW activity that occur north of the AEJ core in response to elevated forcing (Fig. 1) .
Together, the dynamic and thermodynamic responses to the pattern of low-level warming provide an environment conducive to stronger AEWs north of the AEJ core over West Africa. Indeed, nearly all models simulate an increase in the occurrence of intense and extremely intense AEWs along the Sahel−Sahara border (Fig. 5) . This includes median changes of +2.0 events per season (and +39%) for intense AEWs, and +0.8 events per season (and +72%) for extremely intense AEWs (Fig. 5) . The increased AEW activity along the Sahel−Sahara border (Fig. 1) has important implications for future Saharan dust transport and Atlantic tropical cyclone development. For example, the region of greatest projected increase in AEW activity lies over the prolific dust sources within the western Sahara ( Fig. 1) (4) . In addition, AEWs characterized by stronger low-level (850 mb) circulations and high relative humidity at the West African coast are more likely than weaker AEWs to undergo tropical cyclogenesis (7). However, strong winds associated with southern-and northern-track AEW vortices can advect dry Saharan air downstream of the AEW and impede development into a tropical cyclone entirely, or can delay tropical cyclogenesis until the wave reaches favorable environmental conditions farther west in the Atlantic basin (7, 28) . Further, although there is much evidence that northern-track waves can influence tropical cyclogenesis, in the present climate, many of the northern-track waves weaken as they reach the eastern Atlantic, or track north of the MDR (7, 27) . The impact of increased frequency of intense AEWs north of the AEJ on tropical cyclone development is therefore currently unclear (7).
Summary and Conclusions
We use the CMIP5 ensemble of GCMs to quantify the response of AEWs to increased radiative forcing. Despite considerable spread in the simulation of AEWs between CMIP5 models during the historical period (1980−2005) , nearly all of the models project statistically significant increases in AEW strength north of the AEJ along the Sahel−Sahara border (15°N to 25°N) by the late 21st century in RCP8.5 (2075−2100) ( Fig. 1 and S1 ). The energy associated with AEWs increases in response to differential heating between the Guinea Coast and the Sahara, which enhances baroclinicity and drives stronger convergence, convection, and vertical ascent along the Intertropical Front. AEWs that track south of the AEJ in the rainy zone of the ITCZ do not exhibit a robust response to enhanced greenhouse forcing across the CMIP5 ensemble. The lack of a robust signal in AEW activity south of the AEJ reflects the lack of model agreement in the sign of projected precipitation change in this region of West Africa.
The projected changes in AEWs have important implications for the climate of the Atlantic basin. Stronger AEWs along the Sahel−Sahara border have the potential to increase the transport of moisture northward into the semiarid Sahel region (31) . The prospect of increased precipitation over the Sahel has important implications for the drought-vulnerable human populations in the region. In addition, increased precipitation combined with the stronger low-level winds and stronger vertical motion associated with the AEWs can increase dust mobilization and transport over Africa and the broader Atlantic basin (50), influencing local radiative balance, cloud and convective processes, and biogeochemical cycles (51, 52) . Relationships between AEWs and tropical cyclones observed in the current climate also carry implications for how tropical cyclone tracks could respond to elevated greenhouse forcing. The robust response of AEWs seen in our results thereby offers potential to substantially improve understanding of how continued global warming is likely to affect the climate of Africa and the greater Atlantic basin.
